Introduction
============

Axon development can be divided into three main steps: (1) axon specification during neuronal polarization, (2) axon growth and guidance, and (3) axon branching and presynaptic differentiation ([Fig. 1](#fig1){ref-type="fig"}; [@bib11]; [@bib35]). These three steps are exemplified during neocortical development in the mouse: upon neurogenesis, newly born neurons engage long-range migration and polarize ([Fig. 1, A and B](#fig1){ref-type="fig"}) by adopting a bipolar morphology with a leading and a trailing process ([Fig. 1 C](#fig1){ref-type="fig"}). During migration (approximately from embryonic day \[E\]11 to E18 in the mouse cortex), the trailing process becomes the axon and extends rapidly while being guided to its final destination (lasts until around postnatal day \[P\]7 in mouse corticofugal axons with distant targets like the spinal cord; [Fig. 1, D--F](#fig1){ref-type="fig"}). Finally, upon reaching its target area, extensive axonal branching occurs during the formation of presynaptic contacts with specific postsynaptic partners (during the second and third postnatal week in the mouse cortex; [Fig. 1, G--I](#fig1){ref-type="fig"}). Disruption of any of these steps is thought to lead to various neurodevelopmental disorders ranging from mental retardation and infantile epilepsy to autism spectrum disorders ([@bib170]). This review will provide an overview of some of the cellular and molecular mechanisms underlying axon specification, growth, and branching.

![**Axon specification, growth, and branching during mouse cortical development.** Three stages of the development of callosal axons of cortical pyramidal neurons from the superficial layers 2/3 of the somatosensory cortex in the mouse visualized using long-term in utero cortical electroporation. For this class of model axons, development can be divided in three main stages: (1) neurogenesis and axon specification, occurring mostly at embryonic ages (A--C); (2) axon growth/guidance during the first postnatal week (D--F); and (3) axon branching and synapse formation until approximately the end of the third postnatal week (G--I). A, D, and G show coronal sections of mouse cortex at the indicated ages after in utero cortical electroporation of a GFP-coding plasmid at E15.5 in superficial neuron precursors in one brain hemisphere only (GFP signal in inverted color, dotted line indicates the limits of the brain). B, E, and H are a schematic representation of the main morphological changes observed in callosally projecting axons (red) at the corresponding ages. C shows the typical bipolar morphology of a migrating neuron emitting a trailing process (TP) and a leading process (LP) that will ultimately become the axon and dendrite, respectively. F and I show typical axon projections of layer 2/3 neurons located in the primary somatosensory area at P8 and P21, respectively. Neurons and axons in C, F, and I are visualized by GFP expression (inverted color). Image in C is modified from [@bib12] with permission from Elsevier. Images in D, F, G, and I are reprinted from [@bib27] with permission from Elsevier.](JCB_201305098_Fig1){#fig1}

Neuronal polarization and axon specification
============================================

Neuronal polarization is the process of breaking symmetry in the newly born cell to create the asymmetry inherent to the formation of the axonal and somatodendritic compartments ([@bib37]). The mechanisms underlying this process have been studied extensively in vitro and more recently in vivo, but the exact sequence of events has remained elusive ([@bib97]) partly because it is studied in various neuronal cell types that might not use the same extrinsic/intrinsic mechanisms to polarize. It is highly likely that at least three factors underlie neuronal polarization: extracellular cues, intracellular signaling cascades, and subcellular organelle localization. The partition-defective proteins (PARs) are a highly conserved family of proteins including two dyads (Par3/Par6 adaptor proteins and the Par4/Par1 serine/threonine kinases) that are required for polarization and axon formation ([@bib125], [@bib126]; [@bib12]; [@bib122]; [@bib23]), while many other intracellular signaling molecules also support axon formation ([@bib103]; [@bib113]; [@bib11]; [@bib123]; [@bib26]; [@bib50]; [@bib25]; [@bib44]). These intracellular signaling pathways are influenced by localized extracellular cues that instruct which neurite becomes the axon by either directly promoting axon extension or repressing axon growth in favor of dendritic growth ([@bib2]; [@bib160]; [@bib111]; [@bib124]).

The role of organelle subcellular localization during neuronal polarization is a more controversial issue. Initially, the orientation of organelles, including the Golgi complex, centrosomes, mitochondria, and endosomes, was shown to correlate with the neurite that becomes the axon in vitro ([@bib16]; [@bib31], [@bib34]) and in vivo ([@bib30]). However, more recent studies suggest that the positioning of the centrosome is not necessary for neuronal polarization ([@bib34]; [@bib98]). Centrosome localization is likely constrained by microtubule organization within the cell, and therefore the centrosome position within the cell changes dynamically during different stages of polarization ([@bib120]). The question of how the interplay between extracellular cues, intracellular signaling, and organelle localization lead to polarization has pushed the field to perform more extensive in vivo imaging studies as in vitro systems/models have a difficult time recapitulating the complex environment and rely on neurons that were previously polarized in vivo.

Like other epithelial cells, neural progenitors present a high degree of polarization along the apico-basal axis ([@bib48]). One of the major questions still needing to be addressed is how, or if, newly born mammalian neurons inherit some level of asymmetry from their parent progenitors ([@bib11]). Recent studies have attempted to answer this question in vivo but have found that the answer might vary in each neuronal subtype. Retinal ganglion cells (RGCs), retinal bipolar neurons, and tegmental hindbrain nuclei neurons seem to inherit the apical/basolateral polarity from their progenitors ([@bib92]; [@bib171]; [@bib34]; [@bib110]). In cortical neurons, hippocampal neurons, and cerebellar granule neurons, this relationship is unclear, in part because newly born cortical neurons first exhibit a multipolar morphology with dynamic neurites emerging from the cell body before adopting a bipolar morphology, suggesting they may not retain a predisposed parental polarity ([@bib51]; [@bib12]). Other factors also suggest that different neuronal subtypes use different mechanisms during polarization. One such factor is the position where neurons specify their axon relative to the original apical/basolateral axis of their progenitors. As an example, cortical neurons in the mouse brain protrude an axon from the membrane facing the original apical surface toward the ventricular zone ([@bib51]; [@bib12]; [@bib122]), whereas zebrafish RGCs form their axon from the membrane on the basolateral side ([@bib171]; [@bib111]). Another significant difference between cortical neurons and RGCs is related to the timing of axogenesis and dendrogenesis. RGCs tend to form their axons and dendrites at the same time during migration ([@bib171]; [@bib111]). However, cortical neurons form a long axon during migration before significant dendrite arborization takes place. These differences in the regulation of polarization and sequence of axon versus dendrite outgrowth may be linked to the localization of extracellular cues relative to the immature neuron during polarization ([@bib160]).

Neuronal polarization, cytoskeletal dynamics, and polarized transport
=====================================================================

What exactly makes the axonal compartment distinct from the somatodendritic domain? This can most easily be illustrated by focusing on the cytoskeleton that forms the framework of the developing axon. The cytoskeleton is composed of microtubules, actin filaments, and intermediate filaments (also called neurofilaments) along with their associated binding partners. Microtubules are composed of α- and β-tubulin subunits that polymerize to form a long filament intrinsically polarized by the addition of tubulin subunits to only one side of the growing filament called the plus end, while on the opposite side depolymerization occurs. It was discovered more than thirty years ago that the axon of a neuron contains a very uniform distribution of microtubules with the plus end facing away from the cell body ([@bib56]). Through the years this observation was confirmed in many neuron cell types, and it was determined that dendrites do not have this uniform plus-end out network of microtubules ([Fig. 2](#fig2){ref-type="fig"}; [@bib9]). Dendrites appear to have a complex array of microtubule orientations that may vary between species and/or neuronal subtypes. Current research shows that proximal dendrites are composed of mainly minus-end out microtubules, whereas more distal dendrites transition from an equal distribution of minus-end out and plus-end out microtubules to mainly plus-end out microtubules ([@bib132]; [@bib161]; [@bib104]). The orientation of microtubules matters greatly because it determines the relative contribution of microtubule-dependent motor proteins (kinesins and dyneins), which are the main motor proteins carrying various cargoes within cells and in particular are responsible for long-range transport in very large cells such as neurons. Dynein (a minus end--directed microtubule motor) is known to be responsible for both the transport of microtubules away from the cell body and for the uniform polarity of microtubules in the axon ([@bib4]; [@bib167]). Recently, it was discovered that kinesin-1 (a plus end--directed microtubule motor) is required for the minus-end out orientation of microtubules in the dendrites of *Caenorhabditis elegans* DA9 neurons through selective transport of plus-end out microtubule fragments out of the dendrite ([@bib159]). Another hallmark that differentiates the axonal and somatodendritic compartments is the microtubule-associated proteins (MAPs) that decorate microtubules to regulate their bundling and stability ([@bib57]). Microtubules in the axon are mainly decorated by Tau and MAP1B, whereas microtubules in the dendrites are labeled by proteins of the MAP2a-c family. The role of Tau in axon elongation remains controversial because early reports ([@bib52]; [@bib141]; [@bib29]) of Tau knockout alone suggested that axons were unaffected, but this apparent lack of phenotype might originate from the functional redundancy between MAPs as Tau/MAP1b double knockout mice show clear axon growth defects ([@bib136]).

![**Polarity maintenance and trafficking of somatodendritic and axonal proteins.** Neurons are polarized into two main compartments: the somatodendritic domain and the axon. These domains are characterized by the underlying cytoskeleton and their unique protein signatures. The axonal cytoskeleton is defined by its uniform microtubule orientation where each microtubule is oriented with its plus end away from the cell body, while the dendrites contain a mixture of microtubules oriented in both directions. The proximal axon is characterized by a structure known as the axon initial segment (AIS, see inset). This highly ordered structure creates a diffusion barrier between the axonal compartment and the rest of the cell. F-actin is responsible for the cytoplasmic barrier, while sodium channels anchored by Ankyrin G form the basis of the plasma membrane barrier. Tau is retained in the axon by a microtubule-based filter at the AIS. Molecular motors (including kinesin, dynein, and myosin) then use the underlying cytoskeleton to restrict cargo transport to either the axon (such as Cntn1 and L1) or the dendrites (such as PSD95, AMPARs, and NMDARs).](JCB_201305098R_Fig2){#fig2}

The dynamics of actin polymerization into actin filaments (F-actin) also play an important role in defining the axonal compartment, and contain an intrinsic polarity based on the polymerization of the free G-actin subunits ([@bib57]). Beyond the well-documented early role of F-actin dynamics in neurite outgrowth, multiple groups have shown that the disruption of actin polymerization allows dendritically localized proteins to incorrectly enter the axonal compartment ([@bib152]; [@bib74]; [@bib130]). The existence of a "diffusion barrier" in the proximal part of newly formed axons ([@bib130]) was long suspected. One of the current hypotheses is that a dense F-actin meshwork creates a cytoplasmic diffusion barrier shortly after polarization, which in part separates the axonal compartment from the neuronal cell body ([Fig. 2](#fig2){ref-type="fig"}, inset). Based on functional analysis and electron microscopy analysis, this "F-actin--based filter" is oriented so that the plus ends point toward the cell body while the minus ends point into the axon ([@bib74], [@bib75]; [@bib149]). Two recent papers show via high resolution imaging techniques that indeed the axon has a unique F-actin network that is not found in dendrites ([@bib149]; [@bib156]). The development of this F-actin meshwork appears to directly precede the formation of the axon initial segment (AIS; [@bib130]; [@bib40]). An intra-axonal diffusion barrier, composed of Spectrins and Ankyrin B, defines the eventual position of the AIS. This boundary excludes Ankyrin G, which instead clusters in the most proximal part of the axon close to the cell body, where the AIS will form ([@bib40]). Ankyrin G is required for AIS formation and maintenance, and its loss causes the axon to start forming protrusions resembling dendritic spines ([@bib55]). Microtubules also play an important role at the AIS, as recent evidence suggests that Tau is retained in the axon through a microtubule-based diffusion barrier independently of the F-actin based filter ([@bib77]). The AIS is important in the formation of a plasma membrane barrier between the axonal and somatodendritic domains and its disruption affects both neuronal polarity and function because it is critical for clustering of voltage-dependent sodium channels and action potential initiation ([@bib112]).

One of the critical cellular mechanisms underlying neuronal polarization is the polarized transport of various cargoes in axons and dendrites. Transport of proteins and various organelles is performed by the microtubule-dependent motor proteins kinesin and dynein ([@bib57]). Studies from many laboratories have demonstrated that kinesin motors can carry cargo to both the axonal and dendritic compartments ([@bib19]; [@bib95]). The mechanism for how selection occurs is not completely understood, but it probably incorporates both the affinity of the kinesin head for microtubules and the cargo bound to the motor protein ([@bib95]; [@bib130]; [@bib62]). In the axon, dynein works to bring cargo and retrograde signals back to the cell body, whereas in the dendrites it is responsible for much of the transport from the soma into the dendrites ([@bib167]; [@bib66]; [@bib53]). Additionally, the F-actin--dependent myosin motors can affect the polarized transport of cargos by using the F-actin--based cytoplasmic filter at the AIS to deny or facilitate entry of vesicles into the axon. Loss of the actin filter or myosin Va activity (a plus end--directed motor) allows dendritic cargos into the axon, whereas myosin VI (a minus end--directed motor) both removes axonal proteins from the dendritic surface and funnels vesicles containing axonal proteins through the actin filter at the AIS ([@bib74], [@bib75]; [@bib6]). A current working hypothesis is that vesicles composed of multiple cargoes contain binding sites for each of these motors, and that through unknown mechanisms the activity of the motors can be differentially regulated to control the directionality of transport. An interesting example of how the interplay between different motors and cargo adaptors could lead to polarized transport was recently described for mitochondria ([@bib145]).

Axon growth
===========

Microtubule dynamics regulate axon growth.
------------------------------------------

After axon specification, axon growth constitutes the second step of axonal development and is tightly linked to axon guidance toward the proper postsynaptic targets. Axon elongation by the growth cone is the product of two opposite forces ([Fig. 3](#fig3){ref-type="fig"}): slow axonal transport and the polymerization of microtubules providing a pushing force from the axon shaft, and the retrograde flow of actin providing a pulling force at the front of the growth cone ([@bib73]; [@bib133]). Although coordinated actin and microtubule dynamics are required for the proper function of the growth cone, it was reported that agents disrupting the actin cytoskeleton have limited consequences on axon elongation and are rather involved in axon guidance in vitro ([@bib85]; [@bib119]) and in vivo ([@bib14]). Furthermore, local disruption of actin organization in the growth cone of minor neurites allows them to turn into axons ([@bib17]; [@bib71]), indicating that the dense actin network present at the periphery of an immature neuronal cell body and in immature neurites may prevent microtubule protrusion and elongation necessary for axon specification.

![**Cytoskeletal changes during axon elongation and branching.** Representation of axon elongation and collateral branch formation in a cultured neuron. Axon growth is a discontinuous process, and collateral branches often originate from sites where the growth cone paused (gray dotted line), after it has resumed its progression. Other modalities of branch formation can occur through the formation of filopodia and lamellipodia. Red box shows a magnification of the main growth cone. Microtubules from the axon shaft spread into the central (C) zone. Some microtubules pass through the transition (T) zone, containing F-actin arcs, to explore filopodia from the peripheral (P) zone. Upon the proper stimulation by extracellular guidance cues or growth-promoting cues, microtubules are stabilized and invade the P-zone where they provide a pushing force, which, combined with the traction force from the actin treadmilling, provides the force required for growth cone extension. Green box shows the cytoskeletal changes occurring during collateral branch formation in the axon. Filopodia and lamellipodia are primarily F-actin--based protrusions that get invaded by microtubules, then elongate upon microtubule bundling. At later developmental stages, axon branches are stabilized or retracted (blue box) by mechanisms relying on the access to extracellular neurotrophins and/or neuronal activity and synapse formation.](JCB_201305098R_Fig3){#fig3}

Contrary to actin, microtubule polymerization is required to sustain axon elongation and branching ([@bib73]; [@bib8]). Axonal proteins and cytoskeletal elements are transported along the axon through slow axonal transport by molecular motors ([@bib157]; [@bib155]). It is still controversial whether tubulin and other cytoskeletal elements are transported in the axon as monomers and/or as polymers ([@bib115]; [@bib140]; [@bib148]; [@bib18]; [@bib139]). Nonetheless, disruption of the slow transport of tubulin impairs the pushing force resulting from microtubule polymerization and impairs axon elongation ([@bib133]). Therefore, it is not surprising that axon growth is affected in vitro and in vivo by disruption of plus-end microtubule-binding proteins such as APC ([@bib126]; [@bib168]; [@bib162]; [@bib24]) or EB1 and EB3 ([@bib168]; [@bib63]; [@bib45]), microtubule-associated proteins such as MAP1B ([@bib15]; [@bib136]; [@bib28]; [@bib143]), or proteins regulating microtubule severing and reorganization such as KIF2A ([@bib58]), katanin, and spastin ([@bib67]; [@bib165]; [@bib154]; [@bib20]).

The contribution of microtubule dynamics to axon growth is not limited to growth cone dynamics but also involves axonal transport and polymerization along the axon shaft. Moreover, changing the balance between microtubule stabilization and depolymerization by local application of microtubule stabilizing agents is sufficient to instruct one neurite to grow and adopt an axon fate ([@bib153]). Many kinase pathways converge on Tau and other axonal MAPs to regulate their function by phosphorylation ([@bib93]). Among them, the MARK kinases regulate microtubule stability and axonal transport through phosphorylation of Tau ([@bib38]; [@bib84]). Interestingly, MARK-related kinases SAD-A/B control axon specification in part through phosphorylation of Tau ([@bib12]) and have very recently been linked to the growth and branching of the axons of sensory neurons ([@bib78]). Our work recently demonstrated that another family member related to MARKs and SAD kinases, called NUAK1, controls axon branching of mouse cortical neurons through the regulation of presynaptic mitochondria capture ([@bib27]). To what extent the regulation of Tau and other MAPs by the MARKs, SADs, and NUAK1 kinases contributes to axon elongation remains to be explored.

Where does axon elongation take place?
--------------------------------------

Growth cone progression and guidance constitute the main driver of axonal growth during development, but this process is unlikely to account for the totality of axon elongation. This is especially true after the axon has reached its final target but the axon shaft keeps growing in proportion to the rest of the body. One mechanism that may contribute to this "interstitial" form of axon elongation during brain/body size increase (see [Fig. 1](#fig1){ref-type="fig"} for an example during postnatal cortex growth) is axon stretching, a process that can induce axon elongation in vitro ([@bib129]; [@bib106]; [@bib79]) and in vivo ([@bib1]). Aside from extreme stretching performed through the application of external forces, stretching could also contribute to the natural elongation of the axon in response to the tension resulting from growth cone progression ([@bib133]).

Axon elongation requires the addition of new lipids, proteins, cytoskeleton elements, and organelles along the axon. Where does the synthesis and incorporation of new components take place? Polysaccharides and cholesterol synthesis mostly occur in the cell body; however, lipid synthesis and/or incorporation can occur along the axon as well ([@bib108]; [@bib54]). The growth cone is also a site of endocytosis, membrane recycling, and exocytosis ([@bib65]; [@bib151]; [@bib96]). One of the best studied examples of endocytosis and its role in axon growth and neuronal survival is the retrograde trafficking of TrkA receptor by target-derived nerve growth factor (NGF) in the peripheral nervous system ([@bib53]).

Axon branching and presynaptic differentiation
==============================================

Where do axon branches form?
----------------------------

The last step of axon development is terminal branching, which allows a single axon to connect to a broad set of postsynaptic targets. Collateral branches are formed along the axon through two distinct mechanisms: the first modality of branching is through splitting or bifurcation of the growth cone, which is linked to axon guidance and to the capacity of one single neuron to reach two targets that are far apart with one single axon. Growth cone splitting is observed in vivo in various neuron types including cortical neurons ([@bib121]; [@bib13]; [@bib33]; [@bib137]), sympathetic neurons ([@bib72]), motorneurons ([@bib86]), sensory neurons ([@bib83]), or mushroom body neurons in *Drosophila* ([@bib147]). The second modality, known as interstitial branching, occurs through the formation of collateral branches directly along the axon shaft. Contrary to growth cone splitting, interstitial branching serves the purpose of raising axon coverage locally in order to define their "presynaptic territory", and may contribute to increased network connectivity ([@bib107]). Although both mechanisms can occur simultaneously in the same neuron, the relative importance of splitting versus interstitial branching is highly divergent from one neuron type to the other ([@bib13]; [@bib86]; [@bib107]).

In culture, the axon grows in a non-continuous fashion with frequent growth cone pausing. Time-lapse imaging of sensorimotor neurons revealed that interstitial branching often occurs at the site where the growth cone paused, shortly after it has continued its course ([@bib134]). Accordingly, treatments with neurotrophins that slow the growth cone correlate with increased axon branching ([@bib134]). This suggests that growth cone pausing leaves a "mark" along the axon shaft that might predetermine future sites of branching ([@bib64]). However, local applications of neurotrophins shows that aside from growth cone pause sites the axon shaft remains competent to form collateral branches upon stimulation by extracellular factors ([@bib42]; [@bib135]), through the formation of filopodia or lamellipodia. Similar observations in vivo revealed that cortical axons are highly dynamic during development and form multiple filopodia that are the origin of collateral branches ([@bib13]). Lamellipodia can be observed as motile, F-actin--dependent "waves" along the axon in vitro ([@bib118]) and in vivo ([@bib39]). Moreover, disruption of microtubule organization impairs lamellipodia formation along the axon and is correlated with decreased axon branching ([@bib32]; [@bib142]).

Cytoskeleton dynamics and axon branch formation.
------------------------------------------------

Regardless of what type of protrusion gives rise to a branch, cytoskeletal reorganization in the nascent branch generally follows a similar sequence ([Fig. 3](#fig3){ref-type="fig"}): initially F-actin filament reorganization gives rise to a protrusion (filopodia, lamellipodia), followed by microtubule invasion of this otherwise transient structure to consolidate it, before the mature branch starts elongating through microtubule bundling ([@bib41]). Actin filaments accumulate along the axon and form "patches" that serve as nucleators for axon protrusions such as filopodia and lamellipodia ([@bib70]; [@bib88]; [@bib69]). The mRNA for *β-actin* and regulators of actin polymerization such as *Wave1* or *Cortactin* accumulate along the axons of sensory neurons and form hot-spots of local translation that are associated to NGF-dependent branching ([@bib131]; [@bib36]). Subsequently, microtubules in the axon shaft undergo fragmentation at branch points as a prelude to branch invasion by microtubules ([@bib164], [@bib166]; [@bib42]; [@bib33]; [@bib59]), a process that may disrupt transport locally to help trap molecules and organelles at branch points. Moreover, severed microtubules are transported into branches, a process required for branch stabilization ([@bib43]; [@bib5]; [@bib109]; [@bib59]). Interestingly, it is clear that, just like growth cone--mediated axon elongation, F-actin and microtubule reorganization events are interconnected to sustain axon branching ([@bib32]). As an example, microtubule-severing enzymes can also contribute to actin nucleation and filopodia formation ([@bib59]).

Is axon branching linked to axon elongation?
--------------------------------------------

Like in the growth cone, cytoskeleton reorganization constitutes the backbone of branch formation. It is therefore not surprising that many manipulations of the cytoskeleton affect both axon elongation and branch formation ([@bib58]; [@bib24]). Moreover, conditions that primarily disrupt axon elongation could secondarily disrupt branching by impairing the ability of the nascent branch to grow. However, axon elongation and axon branching can be considered as two separate phenomena and can be operationally separated because conditions disrupting one do not systematically affect the other. As an example, the microtubule-severing proteins katanin and spastin have differential consequences on axon elongation (primarily dependent upon katanin function) and branching (mostly spastin mediated; [@bib109]), taxol treatment (which stabilizes microtubules) affects axon elongation but not branching ([@bib43]), and disruption of TrkA endocytosis by knock-down of Unc51-like kinase (ULK1/2) proteins has opposite effects on axon elongation and branching ([@bib169]). In vivo, superficial layer cortical neurons initially go through a phase of elongation through the corpus callosum without branching (see [Fig. 1](#fig1){ref-type="fig"}), then stop elongating and form collateral branches in the contralateral cortex ([@bib90]; [@bib146]). It is conceivable that even before myelination, axons are actively prevented from branching at places and stages when they elongate (for example in the white matter of the neocortex) where they tend to be highly fasciculated. The identities of the molecules that inhibit interstitial branching along the axon shaft are currently unknown.

Regulation of axon branching by activity.
-----------------------------------------

Immature neurons display spontaneous activity in the form of calcium waves ([@bib49]; [@bib46]; [@bib47]) and spontaneous vesicular release long before they have completed axon development, which suggested a role for early neuronal activity in axon development and guidance ([@bib22]). Cell-autonomous silencing of neurons in vivo by transfection of the hyperpolarizing inward-rectifying potassium channel Kir2.1 in olfactory neurons ([@bib163]), in RGCs ([@bib60]) or in cortical pyramidal neurons ([@bib90]; [@bib146]), or in vitro through infusion of tetrodotoxin (which blocks action potentials generation) in co-cultures of thalamo-cortical projecting neurons ([@bib144]) results in a decrease in terminal axon branching, indicating that synaptic activity is required for axons to fully develop their branching pattern. Moreover, inhibition of synaptic release by expression of tetanus toxin light chain (TeTN-LC; [@bib146]) also abolished terminal axon branching, suggesting that the formation of functional presynaptic release sites is required cell autonomously to control terminal axon branching. However, one potential limitation of the experiments involving TeTN-LC is that it blocks most VAMP-mediated vesicular release (with the exception of VAMP7, also called tetanus toxin--independent VAMP, or TI-VAMP). Therefore TeTN-LC action may not be limited to blocking synaptic vesicle release, but could also inhibit peptide release through vesicles containing neurotrophins for example, or other important trophic factors required for axon branching. More recent experiments through silencing of postsynaptic targets revealed that branching of callosal or thalamocortical axons is also dependent upon the activity of the postsynaptic targets ([@bib91]; [@bib158]), albeit activity of the presynaptic neuron is required earlier during the branching process than activity of the postsynaptic targets ([@bib91]). Activity is also required in some neurons at the phase of axon elongation through a feedback loop involving the activity-dependent up-regulation of guidance molecules ([@bib89]).

How much does spontaneous or evoked neuronal activity contribute to branching? Reduction of neuronal activity through hyperpolarization induced by overexpression of Kir2.1 significantly reduces axon branching without completely eliminating it ([@bib60]; [@bib90]; [@bib146]). Activity seems to serve as a competitive regulator of axon branching with regard to its neighbors because silencing of neighboring axons restores normal branching ([@bib60]). Interestingly, neuronal activity induces neurotrophin expression locally, suggesting that activity can contribute to branching partly through activation of activity-independent branching mechanisms ([@bib21]).

Neuronal activity can regulate branching through modification of the actin cytoskeleton via RhoA activation ([@bib102]), and mRNA accumulates at presynaptic sites, indicating a correlation between local translation and synaptic activity ([@bib82]; [@bib138]). Neuronal activity is associated with changes in intracellular Ca^2+^ signaling, which has been shown to play a deterministic function in axon growth ([@bib46]). Calcium signaling activates the Ca^2+^/calmodulin-dependent kinases (CAMKs) that are known to regulate axon branching in vitro ([@bib150]; [@bib3]) and in vivo ([@bib3]).

Stabilization and refinement of the axonal arborization.
--------------------------------------------------------

Axon branches are often formed in excess during development, then later refined to select for specific neural circuits ([@bib81]). Long-range axon branch retraction has long been observed in layer V cortical neurons that initially project to the midbrain, hindbrain, and spinal cord ([@bib101]; [@bib13]). At later stages, pyramidal neurons from the primary visual cortex will retract their spinal projection through axon pruning, whereas pyramidal neurons from the primary motor cortex will stabilize this projection but retract their axonal branches growing toward visual targets such as the superior colliculus. The molecular mechanisms controlling this area-specific pattern of axon branch pruning are still poorly understood, but seem to involve extracellular cues such as semaphorins and Rac1-dependent signaling ([@bib10]; [@bib80]; [@bib114]). Another example is the well-characterized refinement of retino-geniculate axons during the selective elimination of binocular input of RGC axon synapses onto relay neurons in the dorsal lateral geniculate nucleus ([@bib94]). Interestingly, some axons use caspase-dependent pathways locally to induce the selective retraction of axon branches during the process of pruning ([@bib100]; [@bib127]).

Circuit refinement and selective branch retraction can be observed in vivo at the level of the neuromuscular junction where individual branches of motor axons are eliminated asynchronously ([@bib68]). In the developing CNS, neurotrophin-induced branch retraction can also be observed in a context of competition between neighboring axons ([@bib128]). One other way of stabilizing axon branches is through the formation of synapses with postsynaptic targets. In the visual system, the initial axon arbor is refined to establish ocular dominance through activity-dependent retraction of less active branches ([@bib116]). Time-lapse imaging of RGC axons in zebrafish or in *Xenopus* tadpole revealed that the formation of presynaptic sites occurs concomitantly to axon branching, and branches that form presynaptic structures are less likely to retract ([@bib87]; [@bib117]). The stabilization of axon branches through formation of synaptic contacts parallels with the stabilization of dendritic branches through synapse formation and stabilization ([@bib99]; [@bib76]). The role of presynaptic bouton formation goes beyond the stabilization of axonal branches because in vivo, new axon branches can emerge from existing presynaptic terminals ([@bib7]; [@bib61]; [@bib105]).

In conclusion, axon growth and branching can be regulated by both activity-dependent and activity-independent mechanisms during development. However, for mammalian CNS axons, much more work is needed to define (1) the precise molecular mechanisms underlying axon branching; (2) the cellular and molecular mechanisms regulating the key transition between axon growth and branching when axons start forming presynaptic contacts with their postsynaptic partners; and (3) the mechanisms regulating axon pruning during synapse elimination.
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